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(57) Abstract 

A timing circuit for rccoiding the duration of intervals between a plurality of events in a data stream, comprising at least two timing 
channels, each arranged to generate a signal representing time elapsed between events. The rate of change of the signal generated by each 
timing channel varies with increasing interval duration, and the timing channels are arranged such that each event tcmiinatcs the operation 
of one timing channel and initiates operation of another timing channel. 
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Timing Circuit 

This invCTtion relates to a timing circuit for timing a delay between events. 
The invention is suited to the analysis of arrival times between pairs of events, and the 
analysis and storage of continuous data streams. The invention is particularly suited 
to photon correlation spectroscopy measurements. 

Analysis of signals that vaiy in a diaracteristic manner may be carried out by 
various m^hods ircluding: real-time digital electronic correlation, storage of a signal 
data stream (with later analysis by hardware/software), single stop techniques, 
multiple stop techniques, gating circuits and Fourier Transform of the signal. 

A simple method of analysing a photon stream uses coincidence detection, 
where two detectors are arranged to detect photons arriving at a predetermined fixed 
delay (Oliver C. J., 1973, Correlation Techniques, Photon Correlation and Light 
Beating Spectroscopy, pages 41-74, Ed Cummins H. Z., Pike E. R., Plenium Press 
NY, ISBN 0-306-35703-8). This technique allows detection of photons with a 
bandwidfli of the order of IGHz (Moreno. F., Gonzalez F., Lopez R. L, Lavm A., 
1988, Time-interval statistics through a Lapace transform method in quasi-elastic 
light-scattering experiments for low-intensity levels. Opt. Soc. Am. Vol. 13, pages 
637-639). The delay between detectors and the intensity of a source of the photons 
must be adjusted such that there is a negligible probability of two photons arriving 
with a separation less than the delay time between the detectors. This method 
effectively gives a photon correlation value for a single delay time, and requires 
experiments of long duration. Some improvement in operational speed may be gained 
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by using multiple channels to measure a time interval between pairs of photons, 
alfliough this will lead to distortion of the correlation. 

The distortion introduced by multi-channel single stop measurements can be 
reduced by using multi-stop techniques, whereby a number of concurrent photons may 
be detected. Data collection is most effective when a period of recording is initiated 
by an incident photon. Distortion of data is only eliminated when Gaussian sourees of 
light are used. 

Multi-stop apparatus conventionally includes time-to-amplitude converters 
and pulse storage devices which provide very high speed responses but are expensive. 
Attempts have been made to substitute these components with standard 
microprocessors. A multi-stop apparatus based on a hardwired computer has been 
produced which allows 3500 consecutive sample periods to be stored prior to analysis, 
although at a sampling rate limited to 0.1 MHz (Hallet FJL, Gray A.L.. Rybakowski 
A., Hunt J.L., Stevens JJL. 1972, Photon correlation ^ectroscopy using a digital 
PDP-9 computer, Canada J. of Phys., Vol. 50 pages 2368-2372). A later version of 
this apparatus stored only arrival times using an 8085 processor, and was capable of 
operation at IMHz (Subrahmanyam V.R., Devraj B., Chopra S., 1987, 
Microprocessor based photon correlator for intensity fluctuation studies, J. Phys. E, 
Sci. Instrum, Vol 20 pages 340-343). 

A significant drawback of multi-stop or non-stop timing circuits when used for 
high resolution analysis is the magnitude of raw data produced. For example, 
assuming a signal of 10' events per second and a required resolution of Ins, tiie mean 
number of clock pulses between events will be 10'. Even where events spaced by 
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more than 2000iis arc ignored, the rate of clock cycles per second is 20x10*. In many 
applications, expcrimoital durations range from 30 seconds to a few minutes, and 
problons are likely to arise due to the magnitude of data to be stored, and the 
processing power and/or time required to process results. This limitation is avoided 
by real*time correlation and pulse arrival distribution analysis techniques. 

Correlators do not record the time elapsed betwera each of a sequence of 
events, but instead provide a record of the distribution of times separating consecutive 
events. This is done by defining a number of channels for dififonent separation times, 
tfim incrOTicnting a counter located at a relevant channel when an event separated by 
a given time from a previous event is recorded. Since correlators do not store the 
sequence of evoits, a significant reduction of the data to be stored is adiieved. A 
drawback of correlators is that later re-analysis and/or further digital signal-processing 
of the sequrace of events is not possible since the sequence itself is not stored. 

Where the correlation is measuring a signal that gives a reducing gradient with 
correlator delay time (i.e. an expon^al or mixture of e}q;>on^tials as is often the 
case in light scattering) it is common to space the correlator channels in a logarithmic 
or similar fashion (each channel spacing being double the last is often a convenient 
implementation in electronics). The data points at longer delay times generally 
exhibit greater relative errors and are given less weighting in the final fit, although all 
data points are measured with equal resolution prior to being transferred to a channel. 

Real-time electronic digital correlators suffer ftom significant disadvantages. 
All parts of the circuitry of a correlator must operate at the shortest correlator delay 
time, since no data compression occurs on the data stream. This generally makes high 
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speed conelation expensive, and practical limitations suggest hardwired electronic 
correlators operating above 50MHz are not economically feasible for most 
applications. 

On initialisation the correlator must load a sample of data equivalent to the 
number of channels prior to resetting the accumulators (effectively discarding tins 
information) to operate witii minimum bias/error. This is a limitation on correlator 
speed (to aUow resetting flie accumulators during a single sample time), as weU as 
final correlator length and/or minimum experiment duration. Where die accumulator 
is not reset in a single sample time after prefilling significant enors or bias may be 
introduced, particularly for short exp«iments and/or correlators witii many channels. 

A burst conelalor is capable of allowing only pulse arrivals witiiin a limited 
number of delay times to be detected per experiment, die number of delay times bemg 
detemiined by the number of channels available. This simplified arrangement allows 
fest correUitors to be produced which operate at speeds of around 100 MHz. Whilst 
burst correlators operate ahnost in real time, an average of many results is required to 
carry out a reasonably accurate measurement. Burst correlators allow for rapid decays 
to be measured, although stiU requiring costiy hardware, and tiieir speed of operation 
is fimdamentally limited by tiie time required for multiplication/addition processes to 
be performed. 

Burst correlators may suffer significantly from the prefiU error discussed 
above. Burst correlation is highly inefBcient in terms of data collection as data must 
be read out and the correlator reset after a number of sample periods equivalent to the 
number of channels that have been collected. 



wo 99/21063 PCT/GII98AI3a93 

5 

A conelator based upon parallel piocessing using standard transput^ boards 
has been developed (Bnige, Biagio, FomiU, 1989. New photon correlator design 
based on transputer array concurrmcy. Rev Sci Instnun, Vol. 60, No. 1 1, page 3425), 
^ch has similar operating diaracteristics to specialised hardwired commercial 
equipmoit Real-time electronic correlation is however still limited in tarns of speed 
and cost 

It is an object of the present invaition to overcome or substantially mitigate 
the above disadvantages, and thaid>y provide an s^paratus capable of timing mtervals 
between pulses in an efficioit manner. 

According to the invention there is provided a timing circuit for recording the 
duration of intovals between a plurality of events in a data stream, conqprising at least 
two timing channels, each arranged to generate a signal representing time elapsed 
between events, wherdn the rate of change of the signal generated by each timing 
channel varies with increasing intoral duration, and the timing channels are arranged 
such that each evmt terminates flie opa:ation of one timing channel and initiates 
operation of another timing channel. 

In many instances it will be preferable that the timing circuit is configured 
such that tiie rate of increase of the signal changes as a predetermined series, 
particularly as a substantially geometric series, although other distributions may be 
beneficial for other applications. The term 'substantially geometric series' is intended 
to include instances where an electronic circuit generates a sequence which is ahnost 
geometric. An alternative distribution may be provided via a pre-progranuned 
sequence that is not a single simple mathematical function. 
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At least one of the timing channels may comprise a source of clock pulses and 
a counter, the signal comprising the clock pulses which are accumulated by the 
counter between evrats. 

Preferably, the rate of increase of the accumulated count is detennined by an 
internal counter and a logic circuit, the logic circuit being programmed by the internal 
counter to cause an incrwent of the accumulated count when a predetermined 

At least one of the timing diannels may be an analogue clock. 

The analogue clock preferably comprises a charge component which is 
charged or discharged between events, the charge component exhibiting an mtrinsic 
non-linear complex impedance. 

Preferably, the timing circuit further comprises an analogue to digital 
convCTter for converting an analogue signal at the charge component into a digital 
signal, and means for resetting the charge at said charge component upon the arrival 
of an event. 

Preferably, the charge conqwnrat is an electronic component, which provides 
an output to a comparator comprising a voltage across or a charge accumulated in the 
diarge component 

Charging or discharging of the charge component may be commenced from a 
non-zero initial value, the initial value being chosen to provide a required rate of 
change of charging or discharging. 

The complex impedance may be selected by switching between combinations 
of charge components. 

Preferably, the charge component is a substantially capacitive circuit. 
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Chaiging or disdiaiging of the charge component may be induced by optical 
excitation. 

The charge component may conq>rise one or more solid state optical detectors 
which provide a nonlinearity function, via overfilling of the one or more detectors. 

Preferably, the timing circuit comprises a plurality of timing channels arranged 
to operate in a predetermined sequence, each event tenninating the operation of one 
channel and initiating the operation of flie next channel in the sequence. 

Preferably, the circuit is configured such that a d^ected event will cause the 
contmts of file charmel the opa:afion of vMch is to be is tmninated to be transferred 
to a storage circuit, whilst initiating the generation of a timing signal by the next 
channel This arrangement reduces the effisct of fiie "deadtime* during which a 
channel is reset 

Storage means may be provided for recording time delays between successive 
events, the storage means con4)rising a first store and a second store, data being 
collected in the first store prior to being transferred to the second store. This 
arrangemmt is advantageous when the readout rate of a stored pulse stream is slow 
compared to the rate of events which are to be recorded, since the contents of a 
channel may be transferred quickly to the first store, thereby allowing that channel to 
be reset and restarted quickly. The data may then be transferred to the second store 
after the channel has been restarted. The first and second storage means are also 
usefiil if fiirthor signal processing is required that cannot occur at the rate of events, 
since data may be held in the first store and then transfrared to the second store via 
any required signal processing apparatus. 
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The second sloiage circuit may be a firet-in-first-out buffer storage circuit 
The circuit may comprise two detectors for detecting events in the data stream, 
the detectors being arranged such that an event incident at a first detector wiU 
terminate the operation of a first timing channel and initiate the operation of a second 
timing channel, and a subsequent event incident at a second detector wiU terminate the 
operation of the second timing channel and initiate the operation of the first timing 
diannel or a third timing channeL 

The two detectors for detecting events in the data stream, may have different 
characteristic noise signatures sudi that cross-correlation of the detectors produces a 
characteristic noise signature significantly below that of the auto-correlation of either 
detector. 

The two detectors may be based upon different physical detection phenomena, 
such that any similarity in the diaracteristic noise signatures of the detectors is 
minimised. The two detectors preferably comprise a photon multiplier tube and a 
soUd state detector. Hie soUd state detector may for example be an avalanche 
photodiode or a PIN diode. 

Preferably, a temperature of the solid state detector may be modified 
independently of the temperature of the photon multiplier tube, to modify the 
characteristic noise signature of the solid state detector, and thereby enhance the 
difference between the characteristic noise signature of the solid state detector and the 
charact«istic noise signature of the photon multiplier tube. 

Prefeaably, the circuit is provided with means for obtaining a measurement 
comprising a correlation of an excitation signal distribution with a distribution of 
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detected events induced finom a sample by the excitation. The correlation is piefoably 
earned out in real-time. The circuit may also be provided with means for generating 
pulse arrival distributions, Fourier transforms or providing digital filtmng. 

Preferably, the events whose sq>aration are measured by the timing circuit are 
photons which are detected by a suitable detector means. The detected photons may 
be fiom a single source or multiple sources. 

Where events to be timed are not rq>res^ted by ^gle bits ( 1 or 0), the timing 
circuit may be implemoited in conjunction with a comparator, to determine a detected 
event. 

Where events to be timed are not rq)resented by single bits (1 or 0), the timing 
circuit may be inQ>lemmted in conjunction witti an analogue to digital converter 
circuit, allowing attributes of an event to be stored in conjunction with the timing of 
the event (for example, pulse height). 

The circuit may be configured to measure the time duration of pulses, an initial 
portion of a rising edge of a pulse being treated as a first event, and a final portion of a 
falling edge of the pulse bdng treated as a second event 

Where the pulse width as opposed to pulse arrival time is required to be 
measured, the timing circuit may be wired directly to measure pulse width, or in the 
alternative, the signal may be inverted. Preferably an inversion circuit would be an 
integral part of the timing circuit, thereby allowing rapid changeover between 
measurement of pulse wittistand measurement of pulse arrival times 



WO99/210d3 PCr/GBW(l3093 

Where infonnation is contained in another characteristic of a pulse such as 
height, area or gradient, conversion of the charactoristic to a pulse width will allow the 
characteristic to be measured by the tuning circuit 

The circuit may be configured to measure the number of events occurring 
within a specific time rather than the elapsed time betwem evaits. 

A trigger from an extonal source may be arranged to mitiate operation of the 
circuit. Alternatively, a trigger from an external source may be arranged to enable, 
although not initiate, operation of the circuit 

At least one of the timing channels may comprise a linear clock connected via 
an internal counter to an input of a multiplexer, the multiplexer having ou^uts 
connected to a series of accumulators only one of whidi is incremented as a result of a 
monitored interval, the intoval time required to cause incrementation of a second 
accumulator of any successive pair of accumulators bemg greater tiian the interval 
required to cause incrementation of ttie first accumulator of tiie pair. The mtemal 
counter may comprise a cascade of counters. 

The circuit may be configured such that an event comprises die accumulation 
of charge fix>m a detector until the charge is greater than a predetermined level, 
whereupon the operation of one timing channel is terminated and the operation of 
another timing channel is initiated. In this arrangement a signal incident on the 
detector may be analogue or digital. 

The timing circuit described may be operated with a resolution of the order of 
nanoseconds using conventional electronic circuits. It is noted mediums other than 
eld:tronics, such as light, could be used to produce a faster timing circuit. 
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It is noted that for conelation of optical signals it would be preferable to use 
tfie optical (as opposed to electronic) medium for logical operations. This would 
remove the need for a detector and allow fiirth^ integration. 

A real-time display may be used to rq>resent an event time sq>aration 
distribution during measurement of said event time separations. 

The initialisation bias common to convoitional correlators will at most be 
limited to the first stored delay (which may be removed when pulse storage occurs) as 
there is no requiremmt for prefilU as is the case in correlation. 

In some applications, for example pulsed fluorescence detection, a trigger may 
be linked to a source, which will allow the timing circuit to operate only at specific 
selected times in relation to the configuration of a fluorescmce source. 

In some ^plications it may be preferable to initiate operation of Ae timing 
circuit using a signal which is diffi»:ent to tiiat which is to be counted. 

A pre-set delay or until a separate external retrigger may be used to delay a 
reset of the timing circuit after the storage means is filled. 

It is noted that tiie timing circuit could be adapted (or fitted with a suitable 
multiplexer) to allow non-linear counting of flie number of events occurring within a 
fixed time period. 

' There are two distinct implementations of the mvention, that where a data 
stream representing the separation of a series of events is measured and is stored, and 
that where the pulse arrival distribution is stored (ie. equivilent to a correlator). In the 
latter case the actual timing may be done in a linear marmer by a counter and 
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converted to a non-linear fonn by only storing the most significant bit of the number 
rq)iesenting the anival time of the pulse. 

The counter may be a single electronic counting device or a cascade of 

counting devices. 

The invention may be implemented mtirely or partially as a compute 
program, such that a compute is configured to carry out the invention. Aprogramof 
this type may be in5>lcmentcd as software or hardware. Whore at least part of flie 
invention is implanented in hardware, this may include an optical component 

Specific embodiments of the invention wiU now be described with referoice to 
the accompanying drawings, in which: 

Figure 1 is a schematic rq)resentation of a channel of a timing circuit 
according to a first embodiment of the invention; 

Figure 2 is a schematic rq>resentation of a channel of a timing circuit 
according to a second embodiment of the invention; 

Figure 3 is a schematic representation of a timing circuit according to the 

invmtion; 

Figure 4 is a schematic rq)resentation of a channel of a timing circuit 
according to a third embodiment of the invaition; 

Figure 5 is a schematic representation of a channel of a timing circuit 
according to a fourth embodiment of the invention; 

Figure 6 is a schematic representation of a channel of a timing circuit 
according to a fifth embodiment the invention; 



wo 99/21063 PCriGB98m3093 

13 

Figure 7 is a schonatic representation of a channel of a timing dxcuit 
according to a sixth onbodimCTt the invoition. 

Figure 8 is a schematic rqpresoitation of a signal conditioning fiont end for a 
timing circuit according to the invention; and 

Figure 9 is an output provided by a timing circuit according to the invention. 

Figure 1 shows a channel of a timing circuit suitable for use in conjunction 
with storage of a data stream comprising a series of events sq>arated by a variable 
delay. 

la figure 1, a channel of a timing circuit comprises a clock 1 , an ou^ut counts 
2, a •divide-by-N' chip 3, a clock counter 4 and a flip-flop circuit 5. The clock 1 
cycles continually at a predetmnined rate. The divide-by-N drip produces a single 
output pulse in response to multiples of pulses produced by the clock 1. The number 
of clock pulses required to induce an output pulse ftom the divide-by-N chip 3 

inwements as flie geometric soies 1^4,8,16,32 with each output pulse fiom the 

chip 3. The function of tiie clock counter 4 is to incrmirat number of clock pulses 
required by the divide-by-N chip 3 before it will produce an output pulse. The clock 
counter 4 may be thought of as providing a denominator value for a fraction recorded 
in the divide-by-N chip 3, the chip 3 recording a numerator value corresponding to the 
number of clock pulses produced by the clock 1. An output from the divide-by-N 
chip 3 is produced each time the numerator and denominator are equal. 

An event at an input to the flip-flop will cause it to change states, for example 
a first output 6 of the flip-flop 5 will go high and a second output 7 will go low. This 
allows the output counter 2 and the clock counter 4 to begin counting pulses from the 
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clock. Since the divide-by-N chip 3 has been reset, the first pulse ficom the clock 1 is 
effectively divided by one. The divide-by-N chip 3 produces an output pulse wWdi 
causes incrementation of both the ou^ut counter 2 and the clock counter 4. 

Following the first incranentation of the divide-by-N dtap 3, the clodc counter 
4 programs a denominator value of two into the divid&*y-N diip 3. Two cycles of 
the clodc 1 are needed to induce an output ftom the divide-by-N chip 3, which is 
recorded as a second pulse by flie ou^ut counter 2 and the clock counter 4. Following 
the second incrementation of the divide*y-N chip 3, the clock counter programs a 
doiominator value of four into the divide-by-N diip 3. hi this way, each 
inCTemmtation of the ou^ut counto* 2 rqoesents an closed time which is double Ae 
time els9>sed betweoi previous inoementations. 

A subsequent event at the input to tiie flip-flop 5 will cause the first output 6 to 
go low and the second output 7 to go high- The contents of the ou^ut counter 2 wiU 
be transferred into some means of storage, for exanq)le a computer memory, and the 
output counter 2 and clock counter 4 are flien reset A delay circuit 8 which is 
triggered by an edge detection circuit 9 disables the countears 2, 4 until they have been 
reset, whereupon the measurranoit process begins again. 

If the cycle rate of the clock 1 is high, there will be insufficient time between 
clock cycles for the clock counter 4 to reset the divide-by-N chip 3. When this is the 
case, an mitial clock cycle following a reset will not be recorded by the circuit. This 
hmitation may be overcome by providing a divide-by-N chip 3 arranged to operate to 
a difiFerent timing pattern, for example 2,3,5,9,17 
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It should be noted that detected evrats are not themselves counted but act as 
the stait and stop pulses for countess which accumulate a signal based on ttie clock 1 . 

The described circuit is paiticulariy suited to photon correlation, since 
sequences such as 1^,4,8,16,64 are oft» used for baseline measurements with a 
miTiimiiiTi niunber of channels. 

Figure 2 illustrates an alternative embodiment of a channel of a timing circuit 
according to the invention. The circuit conqirises a chip provided with a bank of 
delay lines 10, each of which is coimected via an OR logic gate 1 1 to a counter 12. 
An event at an input to the circuit will be input to each of the delay lines. A first of 
the delay lines will transmit a pulse to the OR gate after a delay of 2.5 (arbitrary 
units), inducing an inoemoitalion of the counter 12. A second delay line will 
transmit apulse to the OR gate after a delay of 5.0 (arbitrary units), causing^a second 
iiK:rementation of the counter 12, a third inoementation occurring after a delay of 7.5, 
and so on. A subsequent event at the input to tfie circuit will modify the state of a 
flip-flop 13, which will disable subsequent incrementation of the counter 12. The 
contents of the counter 12 are then transfmed to a storage device. 

A second chip with a second bank of delay lines 14 shown in Figure 2 may be 
used to provide an alternative set of delay times, by disabling the input connected to 
the first bank of delay lines 10 and enabling an input to the second bank 14. This 
allows the resolution of the channel to be changed. 

A limitation of the illustrated channel embodiment is that the banks of delay 
lines 10, 14 vdll contmue to function after the counter 12 has been disabled. This 
means that the circuit will only be reset once the delay lines 10, 14 have cycled 
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through every delay value. This problan could be ovorcome by introducing a reset 
function into the delay lines, either directly or by disconnecting power from the mtire 
circuit Alternatively, a large number of banks of delay lines each with the same set 
of delays could be anranged such that each input evoit initiates operation of a new 
bank. 

Although the banks of delay lines 10, 14 contain delay lines arranged in a 
linear sequrace, it is a ^nq>le matter to substitute fliem with a non-linear sequoice of 
delay lines. 

Figure 3 shows a two-channel storage circuit according to the invention. Solid 
lines in Figure 3 indicate a first channel of the circuit, and dotted lines indicate a 
second channel of the circuit The circuit illustrated in Figure 3 will be described in 
terms of its operation. 

An event detected by detection electronics (not shown) will cause a signal to 
be transmitted to an input 15 of the circuit Thesignalmay be inverted by a NOT ^ 
16 or other circuit The input signal will modify the configuration of a flip-flop 
circuit, which in the example illustrated m Figure 3 will cause a first output 18 of flie 
flip-flop 17 to go high, and a second output 19 of the flip-flop 17 to go low. 

When the first output 18 of the flip-flop 17 is high, a first non-Unear clock 20 
(for example, as described in relation to figures 1 and 2) begins to generate clock 
pulses. The clock pulses are accumulated by a first counter 21 . 

Simultaneous with the first non-linear clock 20 commencing the generation of 
clock cycles, a second non-linear clock 22 ceases counting and is reset. A value 
stored in a second counter 23, which corresponds to the number of clock pulses 
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emitted by the second clock 22 is read into a First-In-First-Out circuit 24 (FIFO), from 
which it is read into a compute: monory. A delay circuit 25 oisures that the second 
counto- 23 has stabilised before its contmts are transferred to the FIFO 24. A further 
delay circuit 26 may be used to assure fliat the FIFO 24 does not atten^t to transfer 
data to the computer monory until a predetermined time has elapsed since the 
previous transfo- from the FIFO 24, or a signal is received from the computer 
indicating tfiat it is ready to receive data. An alternative mettiod of providing a delay 
betwem data transf^ from the FIFO 24 is using an AND gate 27 connected to a 
suitable clodc 28. 

The FIFO 24 is reset after it has read the contents of the second counter 23. A 
delay (not shown) may be incorporated into the reset to caisure that the FIFO 24 has 
stabilised before it is reset 

Detection of a subsequoit event by the detection electronics (not shown) will 
produce a second input signal, which signal will cause the second non-linear clodc 22 
and die second counter 23 to be enabled, whilst the first non-linear clock 20 is 
disabled and the contmts of the first counter 21 are transferred to a first FIFO 29 and 
on to the computer memory. 

On readout the FIFO's 24, 29 may pass data to suitable digital logic filters or 
other circuits 30, prior to transferral of the data into the computer memory. 

It will be appreciated that the use of two channels, each with a separate non- 
linear clock 20, 22 will allow the measurement of very short time delays between two 
adjacent events. If only a single clock was used, the delay required to read the 
contents of a counter and reset it to zero would be a 'dead time' during which no 
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detection of events could take place. In contrast, by using two channels, the 
resolvable time delay between two adjacent events is limited by the re^nse time of 
the detector (not shown) and the switching speed of the flip-flop 17 between outputs 
18, 19. The bandwidth of the detection electronics (not shown) may be set to be equal 
to the switching speed of the flip-flop 17 to «isure that two events cannot be detected 
during a time poiod fester ttian the resolution of the storage circuit 

The apparatus is limited in that a ttiird event arriving voy quickly a^ 
adjacent events will not be detected, since neither channel will have been 
reconfigured. More channels may be added to the circuit of Figure 3 to allow 
detection of a closely spaced series of three or more events. If only two channels are 
used, a timed add-enable (not shown) may be introduced on the flip-flop 17 to ensure 
that a third event does not cause switching of the flip-flop 1 7 before a diannel is reset 
and ready to record an evait. The add-enable could be activated by a delay and latch 
fiom the flip-flop 17 to a last channel 18, 19. Where flie memory buffer is 
considerably Iowa- than the operation of the circuit, flian flie output to the buffer fiom 
each channel could also be multiplexed into a plurality of parallel buffers. 

It is noted that in many situations the pulse arrival distribution may be 
modelled Poisson, Bose-Einstein or similar well understood models. Whilst it may 
be important that any two photons may be distinguished with a high time resolution 
the probability of multiple photons in a short delay decreases significantly with 
photon number. Thus a system that is capable of resolving two photons with a 
resolution of N but having a dead time of (for example) ION prior to the third photon 
may be of significant use. 
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The invention is particularly suited to the measuremoit of sparse data. When 
the mean arrival rate of data to be detected by detection equipmoit is less than a tnth 
of the sampling rate of the d^ection equipment, the data is said to be sparse. In many 
instances the dififoence between the sampling rate and the data arrival rate may be 
many ordeis of magnitude. Sparse data is convmtionally difficult to store and/or 
analyse as flie vast migority of the data contains little or no information (i.e. the sigoal 
may be 99.99% zeros) and conventional storage of sudi data is particularly 
uneconomic. 

The timing circuit according to die invention is provided with two, three, four 
or more channels, dqiending upon the distribution of the data to be detected. For 
exanq)le, where the probability of two photons arriving within a channel reset period 
is small and tiie probability of three photons arriving within a channel reset period is 
vanishmgly small, th«i a timing circuit according to the invaition having two 
channels is required. If the probability of three photons arriving within a channel 
reset time is significant, then a tuning circuit according to the invention wifli tiiree 
chaimels diould be used, and so on. 

It should be noted that no loss m performance results fiom the use of a timing 
circuit having more than the necessary number of chaimels. For example, where a 
timing circuit having two channels is required, a timing circuit having four channels 
will function equally well. The only disadvantage incurred is the extra cdmplexity 
and hence extra cost of the four channel circuit over the two channel circuit 

Since the invention provides non-linear timing of events, the size of the 
numbers generated during measurement is minimal. This is particularly advantageous 
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when the invention is used to detect events having a sparse data distribution, since the 
time elapsed between events may be very long and. if a linear clock was used this 
would result in the generation of very large numbers, which would be detrimental to 
the speed of measurement For example, the timing circuit shown in Figure 3 has two 
FIFO^s 24, 29 fiom which data is transfened to a memory each time a timing channel 
isreseL The channel reset time is to a large extent determined by the time required to 
nsad data from and reset Ae FIFO's 24, 29. If a linear clock were to be used then the 
time needed to transfer &e resulting very large numbers fiom the FIFO's 24. 29 to the 
memory would be considerable, and the channel reset time would be conespondingly 
large. The use of the non-linear clock arrangement thus allows the channel reset time 
be kept to a minimum, thereby maximising the resolution of the timing circuit 

When measuring event distributions (or pulse widths) that always have a 
minimum spacing (ie. they vary between X and Y. and X is never zero), a delay line 
of value X may be incorporated into the flip-flop 17 of the embodiment shown m 
Figure 3. to ensure that the relevant clock 20, 22 and counter 21, 23 are active only 
after time X has elapsed. This ensures that only signals containing information are 
measured, thereby increasing the range of the storage circuit. 

It is noted that a storage device could be connected directly after the counters 
21, 23, but that data compression would not occur since each event separation time 
would still be required to be represented by a binary number of predetermined lengdi. 
A look-up-table circuit (as illustrated in table 1 below) may be used to reduce the 
number of bits required to represent the binary number prior to storage in a computer 
memory. 
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Loss of mfomiation in (he tuning circuit of figure 3 occurs only at longor pulse 
arrival times* In many applications the final data points these geamtc (the long 
decay times in correlation) are givm less weigjit during analysis since these have a 
more significant raor vrfien expressed as a pax:ratage of thdr magnitude. 
Furthennore, in many cases ttie rate of change of the correlation line shape decreases 
at longer time scales so that data rq>resaiting long delays between cvmts also 
contains less information. 

The circuit described in relation to Figure 3 may be ad^ted for operation at 
fiequencies fliat would normally be excluded due to a finite pulse width of the 
detector electronics output (this may only be achieved when the speed of the clocks 
20, 22 is significantly faster than the pulse width of the detector electronics). 

The detector electronics is modified such that an event will be incident on one 
of two detectors (not shown). The flip-flop 17 is removed fix)m the circuit A leading 
edge of an output fiom the first detector in response to an incident event is made to 
start flie first counter 21 whilst stopping and reading the second counter 23. A 
subsequent event incident at the second d^ector will goierate an output fiom that 
detector, a leading edge of which is arranged to stop the first counter 21, read out that 
counter, and start the second counter 23. Thus a signal corresponding to an event at 
the first detector initiates counting which is stopped by a signal corresponding to a 
subsequent event at the second detector. The minimum resolvable time between these 
two events is a function of only the jitter times of the detectors and not the pulse 
widths of the detectors. It is noted however that the minimum time between three or 
more events remains a function of the pulse width of the detectors outputs. 
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Following an event incident at the first detector, the circuit will continue to 
measure elapsed time until an event is incident at tiie second d^ector. An 
intermediate evoit incidrait at the first detector during this time will have no effect 
Thus, on average flie numbor of events timed by the drcuit is reduced by 50%. 
Howevw, this may be seen as an advantage of flie invoition since it reduces the effect 
of detector afieqiulsing, fliat is a felse signal goioated by a detector a characteristic 
time after detection of an mcident event (afterpulsing is particularly fte prevalent m 
photon detectors). 

It is noted ttiat solid state d^ectors suffer afterpulsing due to 'tiaps\ caused by 
impurities and surface defects whoeas photon multiplier tubes (PMT) suffer 
aftopulsing due to Has ionisation of contaminants. The underlying principles of 
afteipulse genoration in these two types of detectors are thus based on different 
physical phraiomena, and as such their charactaristic aftetpulse signatures are 
diffarait Where two detectors of one type are used, a correlation (or othor 
combination) of signals defected by ttie two detectors will inchide an artefect caused 
by aftapulsing. This artefact may cause significant distortion of the correlation. In 
contrast to this, where two types of detectors are used, a correlation of signals will 
include random noise caused by afterpulsing at each detector. The random noise wiU 
not have a significant effect on ttie correlation, and distortion of the correlation . is 
avoided. 

Afterpulsing in a solid state detector may be reduced in magnitude and 
increased in time-scale by cooling. The signature of a PMT and the signature of a 
solid state detector, for example an avalanche photodiode, may thus be designed to be 
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radically diff^TCTt via control of ttie temperatuie of ttie avalanche photodiode. The 
use of a detector comprising a PMT and a photodiode thus allows the elimination of 
aftezpulse effects, and siq>piession of other noise whidi is not the resuh of an incident 
event arriving at a split d^ector. 

A cooperating detector as desoibed above may be used in any suitable 
application, and parametera other tiian teQq>eratuie may be used to increase the 
difference between die characteristic noise signature of the detectors. 

Whate two or more parallel data buffers are present per d^ector a sinq>le 
switch would allow the drcuit to operation to change from an arrangonent which 
minimises afterpulses and maximises time resolution, to an arrangement capable of 
measuring two signals entirely independently. 

Figure 4 shows a channel of a timing circuit incorporating a multiplexer. The 
channel comprises a counter 31 connected to a latch 32 and a clodc 33, and via a 
series of output lines (not shown) to a multiplexer 34 which is connected to a series of 
output coxmters 35. 

An event arriving at an ixxput to the latch 32 will send a first output 36 of the 
latch 32 high, enabling the counter 31 to start accumulating clock pulses from the 
clock 33. A subsequent event will said a second output 37 of the latch 32 high, 
arresting the incrementation of the counter 31 and causing the multiplexer 34 to 
increment the contents of an output counter 35. After a suitable delay, determined by 
a delay circuit 38, the counter 31 is reset. 

The operation of the multiplexer 34 is determined by the manner in which it is 
connected to the output lines from the counter 31 . For example, the output Unes could 
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be arranged such that the multiplexer 34 will increment an output counter 35 in 
response to only the most significant bit of a number stored in the counter 31. This 
may be done by connecting a first multiplexer output line to a first output counter, a 
second and ttiird output line to a second output counter, a fourfli, fifth, six and seventh 
ou^ut line to a third output counter, t^. 

For the above described anangement of the multiplexer 34, the first output 
counter wiU only receive a signal when two events are spaced by single clock pulse, 
and not for l,3,5,7,etc. clock pulses, as is the case for ordinary binary counting. Thus, 
Ae first output counter is not required to accumulate large numbers, and will not 
saturate rapidly. 

It is noted that ttie data comiH«ssion is most eflfective for the countos 
measuring the fastest events. These countats are reqmred to operate at hi^ speed, 
and are consequently expensive. The data congiression reduces the number of events 
to be stored by the high speed counters. 

The circuit illustrated in figure 4 is suitable for use in conjunction witii the 
storage of time distributions between events. 

Figure 5 ^ows a channel of a timing circuit which may be used to compress 
an event arrival distribution to most significant bit coding using simple latches and 
NOT logic gates. The channel has a clock 40 which programs a linear counter 41 
connected to a series of latches 42. Numbers from the counter 41 are transfened to 
the latches 42 in binary form, and an output from the counter representing the linear 
sequence 1, 2, 3, 4, 5, 6, 7, 8, 9 will be held by the output lines of the latches 42 as 1. 
3, 3, 7, 7, 7, 7, 15, 15, 15, 15 (ie. output line of the most significant bit). 
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A logic diip 43 is connected to the output lines of the latches 42» such that 
four outputs 44 of the logic chip 43 are incremented in response to the ou^ut lines of 
the latches 42 as follows: 

Output 1 = {1} NOT {2} 

Output 2 ={2} NOT {4} 

Output 3 = {4} NOT {8} 

Output4= {8} NOT {Output 5} 

Output 5 = discussed below 

Output 5 will be high for an output of 0000 ftom the counter 41 and low for all 
oth^outputs. Output Sis connected, via a NOR 45 gate to a first input to an AND 46 
gate. The second input to die AND 46 gate is a delayed coimection fiom a trigger 
flip-flop (not shown). An output 47 from the AND gate is tihus prevmted fiom going 
hig)i wifiiin a single clock pulse. 

A cascade of smaller counters (not shown) connected in serial would provide 

an equivalent to the counter 41. The cascade would be arranged such that a second 

counter measured the number of times the most significant bit had occurred on a first 

counter. Only the first counter would be required to operate at the maximum clock 

rate, the second counter would be required to operate at a rate of; 

ClockFrequency 

Number of _bits_ First _ Counter 
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The cascade of countos may eithar be ananged to roll over, or alternatively 
the sequence 1111 could be used as reset, and the reset time added to the most 
sigpificant bit when considering the data. 

Maay cotrnXar circuits are available v/tddb may be cascaded directly. Where 
this is not practical due to the use of different types/speeds of counters, a fUp-flop on 
the (most significant bit) output connected to a subsequent counter would generate a 
similar effect Mowing more than one flip-flop to operate between the countere 
would allow fiir&or dilation between the pulse spacing - using the same counter 
output pins. 

The diannel iUustiated in figure 5 is suitable for use in conjunction with the 
storage of a data stream representing a series of events separated by a variable delay. 

Figure 6 diows a channel of a timing circuit which aUows for conversion of a 
most significant bit coding to a non-linear pulse train suitable for pulse stream 
storage. This aUows real-time pulse anival distribution information as weU as non- 
linear pulse stream storage. 

Output lines fiom a series of latches or a Unear counter, as discussed in 
relation to figure 5, are connected as inputs 48a-d to an array of logic gates. A first 
input 48a is connected to an AND gate 49, and a second input is connected via a NOT 
gate 50 to the same AND gate 49. When the first input 48a goes high, the second 
input 48b wUl be low, and an output 51 of the AND gate 49 wiU be high. 

When flie second input 48b goes high, the output 51 from the AND gate 49 
will inunediately go low. 
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The second input 48b is connected via a delay circuit 52 to a second AND gate 
53. When the second iapnl 48b goes high, an output 54 fiom the second AND gate 
will go high following a delay imposed by the delay circuit 52. The output 54 fiom 
the second AND gate will remain high until a third input 48c goes hi^. 

The delay circuits 48 operate to give a p^od when no output Une is high. The 
logic gates ttius convert a series of high inputs 48a, 48b ,48c, 48d into a series of 
pulses on ou^ut lines 51a, 51b, 51c, 51A The ou^ut lines 51a-d are combined into a 
single ou^ut line 53 using an OR gate 54. 

The widths of the pulses produced by the circuit will increase witii time if tiie 
inputs 48a-d are connected to outputs of the circuit shown in Figure 5. A self 
resetting flip-flop (not shown) may be used to set tiie pulse durations to a constant 
value. 

The channel illustrated in figure 6 is suitable for use in conjunction with the 
ston^e of a data stream representing a series of events separated by a variable delay. 

In each of the circuits desoibed above in relation to figures 1 to 6, a Unear 
clock used by the invention may be adjusted to allow a required temporal resolution to 
be chosen via the pulse frequency of the clock. 

The above embodimwits of the invention are all digital circuits. However, it 
will be apparent that analogue circuits equivalent to the digital circuits may be 
constructed. In particular, where digital clock and counter combinations operating in 
a non-linear manner are described, for example with the counter incrementing as a 
geometric series with respect to pulses generated by the clock, an analogue component 
could be used to provide a voltage which increases at a geometrically decreasing rate. 
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A simple implementation of an analogue non-linear clock may be provided 
using a capacitor or a combination of capacitors and other components. The intrinsic 
non-Imearity of charge build up of a c^acitor provides a voltage which increases at a 
decreasing rate and is therefore particularly suited to non-lmear timing circuits. The 
use of a capacitor in a non-linear timing circuit has the additional benefit that flie 
circuit has no upper lunit which might cause a circuit to become unstable or stop 
incrementing (as may occur in some digital circuits). The use of a capacitor to 
provide a non-linear analogue timer has the further advantages that it may be used to 
provide ultra hi^ speed timing, and has a very low cost. 

To reset a capacitor in a timing circuit the capacitor is simply grounded. 
Alternatively, the capacitor may be connected to some intermediate value, allowing a 
selected area of the charge curve of the capacitor to be used. It is also possible to reset 
a cqiacitor timing circuit by connecting it to a high voltage, the decay of charge on 
the capacitor may then be used to provide time measurement 

Althougji the c^acitor is a paticularly useful component to provide analogue 
non-lmear time measurem«it, any other component or circuit exhibiting a complex 
impedance (where "complex" denotes imaginary numbers) may be used. Capacitors 
are advantageous in that they may be easily provided on semiconductor chips. 

The value of an active component used to provide analogue time measurement 
may be varied by simply switching between active components of different values, or 
connectmg further components in parallel or series to a base component. 
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Where an analogue timing circuit is used it may be beneficial to have a digital 
clock or clocks which can be directed at a circuit input to calibrate the circuit at 
regular intervals* or automatically prior to an exp^iment or experiments. 

Figurc 7 shows a channel of a timing circuit according to the invention* with 
analogue coiiqx>nents. The channel shown in Figure 7 corresponds to the digital 
circuit shown in Figurc 1. 

During operation a pulse on an input line 55 causes a flip-flop 56 to change 
position and thus switch transistor 57. This allows connection betweoi charging 
voltages selected using a switch 58 and a combination of capacitors 59. The 
capacitors 59 are connected via switches shown within a schraiatic box 60. and may 
be arranged to operate individually, in series, or in parallel. A subsequent pulse on the 
input line 55 causes the flip-flop 56 to change position again, the transistor 57 stops 
the capacitors 59 charging and an analogue to digital converter 61 reads out a voltage 
across the c^acitor circuit shown in schematic box 60. Following a delay induced by 
a delay circuit 62, a second transistor 63 is switched. Where ttie transistor 63 is 
connected via a switch 64 to zcto volts, the voltage across the capacitors within the 
schematic box 60 is set to zero. The switch 64 may be used to set the voltage acaross 
the capacitors 59 to a different value. 

Table 1 below shows data compression and coding for a non linear clock using 
binary representation. The new coding itself applies only to circuits using storage. 
When the pulse distribution is measured, a 15 bit binary number requires 15 counters. 
However, the data compression occurs on the magnitudes of the values held in the 
lower counters RH column 



wo 99/21063 



PCTAGB98m3093 



CLOCK 
PULSES 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

16 

32 

63 

64 

128 

256 

512 

1024 

2048 

4096 

8192 

16384 

Table 1 



BINARY 



1 

10 

11 

100 

101 

110 

111 

1000 

1001 

1010 

10000 

100000 

mill 

1000000 

10000000 

100000000 

1000000000 

10000000000 

100000000000 

1000000000000 

10000000000000 

100000000000000 
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NEW 
CODE 

1 

10 
10 

11 
11 
11 
11 

100 
100 
100 
101 
110 
110 

111 

1000 
1001 
1010 
1011 
1100 
1101 
1110 

nil 



BITs leqd Compression MSB 



to rep RAM 
Binary 



1 

2 
2 
3 
3 
3 

4 
4 

4 
5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 



1 
1 
1 

1.5 

1.5 

1.5 

1.5 

1.33 

1.33 

133 

1.66 

2 

2 

2.33 
2 

2.25 
2.5 
2.75 
3 

3.25 

3.5 

3.75 



comp 

1 
1 
2 
1 
2 
2 
3 
1 
2 
2 



The timing circuit of the invoition adiieves significant real-time data 
compression in tfie number of bits required to represent a number. A 4bit storage 
device replaces a 13bit storage device, giving a reduction in the RAM storage required 
by a factor of more than 3.5 in the number of bits required to represent the delay. 

Storage of the most significant bit of a delay time achieves significant real- 
time data compression in the values stored in counters relating rapid events in a pulse 
arrival distribution. The size, in terms of number of bits, of each counter may not be 
equal for each counter unit but selected to best suit the average pulse arrival 
probability distribution generated by the application. The outputs of each counter 
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may be sent to an AND gate, and ihea these outputs sent to an OR gate, thaid>y 
gsacrating an end of ^eriment signal when a first counter is filled. This pulse could 
be used to transfer a pulse arrival distribution PAD output to a buffer and restart a 
measurement. Thus, eadi measuremmt may be composed of many small sub- 
measurements. This may be of particular use where very hi^ speed (hence low bit 
number) counters are required and/or where noise is present, the sub-experiments 
aUowing averaging and discard of biased information. 

The most significant bit compression as established above may be used in 
conjunction with compression for RAM storage. In Figure 7, data ou^ut fiom the 
analogue to digital converter 61 is already compressed so the data, which may be 
biruiry, decimal or any other format, may be passed directly to RAM A series of 
counters, replacing or in conjunction with the memory may then measure a pulse 
arrival distribution whilst carrying out most significant bit compression. 

An example would be the numb^ 1, 2, 3, 4, 5, 6, 7, which when 
output fit>m the analogue to digital connector may represent delays of 
1^7,1531,63,127 time periods. Final countCTS may be used to ^ly fiirther 
compression to a pulse arrival distribution, giving time bins for 1,2,15,127 time 
periods. This may be particularly useful as a highly compressed low bit number real- 
time pulse arrival distribution may be utilised to decide if *correlatable' data exists 
and thus if the stored data is worth analysing. 

In certain applications (for example analogue fluorescence decay time 
measurements using a pulsed source) a data stream will not aqpproximate to a random 
distribution, but rather will form blocks of highs and lows which tend to follow 
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sequoitially. In this case, tiie time betwewi changes of state (i.e. low to high and high 
to low) may be measured Measurement of this type may be lefenred to as dian^ of 
state trigg^g. and is known in the art It wUl be appreciated that the nonrlinear 
timing circuit according to the invoition may be configured to provide timing data via 
dwnge of state triggering. For racample, an analogue signal may be digitised via a 
tiireshold levd leading to digitisation levels which may be viewed as change of state 
information. Tliis information may th«i be measured using &e non-linear timing 
circuit according to the invoition. Whilst excitation may be pulsed where a plurality 
of pulses are genwated by the single ^citation and/or wh«e the sample is re-excited 

at regular intervals and the excitation generates a data pulse itself then the data stream 

may be considered continuous. 

The invention allows real-time analy^s of signals up to GHz fiequencies. 
The invention is described in relation to the measurement of time betweai 

events. These events may be pulses of similar width or pulses of variable width. 

Alternatively, the invention could be used to measure the width of pulses or other 

events. 

Whilst the invention describes the use of die circuits to measure time between 
events in a non-linear manner, it is noted that an alternative configuration of the 
invention could be arranged to count, in a non-linear manner, the number of events 
occurring within a given period. 

The invention may be configured so that a first detected event acts as a trigger, 
which initiates storage of subsequent detected events. The events may be pulses 
emitted from a single source, or pulses emitted from two or ipore separate sources. 
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In many applications wfa^ analogue signals are measured, the invention may 
be used if the signals are digitised by reduction in the signal strength to ensure only 
single quanta are detected, and/or by use of a comparator. In other applications the 
circuit may operate alongside a Digital to Analogue Convoto: allowing pulse anival 
time (or pulse width) and pulse hd^t ( or pulse area/gradient with the use of 
integration or dififermtiation circuit) to be measured. 

Where flie invention is used for real-time recordal of event distributions, a 
non-linear measurement of times between data will reduce the nuniber of counts 
stored on counters used for the most nq>id events. This is in effect an alternative form 
of data compression (as opposed to data compression through reduction of the number 
of bits required to rq)resmt an event stream). The compression of the number of 
counts in counters used for the most rapid events ensures that theses counters do not 
rapidly saturate (as opposed to compression in the number of data bits required to 
rq)resent a number, which reduces a quantity of RAM required to store the number). 

The invention shows methods of real-time coding^decoding betwera 
compression for the number of data bits, compression for pulse distribution and linear 
binary represmtation using Look Up Tables (LUT) or other equivalent logic circuits. 

The invention may be of use in any field where a data stream must be analysed 
and the mean data rate per clock cycle is less than 0.5. 

Use of an extemal trigger Une to the first channel such, that timing starts after a 
trigger pulse, or is enabled by a trigger pulse but not started, would allow the circuit's 
use in applications where a pulsed source is used. For example in time resolved 
flourimetry, if clock 0 is triggered by the falling edge of the source pulse, the 
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following channels will detect the time between emitted fluorescence photons. When 
all channels have been triggered, the circuit is reset to the first channel in readiness for 
the next laser pulse. 

A comparator may be used to terminate opa:ation of the timing circuit For 
example, in a single channel timing circuit measuring time resolved fluorescence, a 
clock could be triggered by a falling edge of an incident laser pulse, and stopped whai 
detected fluorescence has fallen below a critical value pre-set at the comparator. 
The circuit may be utilised as a high speed method of data logging. 
A signal conditioning fipont end for a tuning circuit according to the invention 
is shown Figure 8. The firont end mcludes possible pre-processing fonctions for pulse 
g^eration prior to the non-linear part of the timing circuit Six inputs are shown, the 
top input 65 is a trigger mable; a signal on this port enables the AND gate 66 to allow 
a pulse output. This circuit may be short-circuited by connecting a switch 67 to an 
i^per voltage line 68. 

The next ixxpnt 69 is a trigger input, a pulse on this line actions an OR gate 70 
and generates a pulse provided that the oiable input 65 is high or short-circuited. 

A standard DC input 71 enters a multiplexer 72 and passes to a comparator 73 
which may be twin level 74. The resulting pulse may be inverted by an inverter 75 or 
pass directly to a divide by N circuit 76 depending on switch position 77. The divide- 
by-N circuit 76 may be used to operate as a pre-scaler when required. 

The multiplexer 72 may also have an isolated DC input in the form of an opto- 
isolator 78, or otherwise. 
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Where the signal and/or the detector is generated some distance from the 
circuit the signal may be transmitted optically by fibre or through free space if the 
circuit is fitted with a suitable optical detector 79. 

A final input circuit 80 may be used in two maimers, in its simplest form with 
switch 81 open it is an AC coupled input for digital pulses. When switch 81 is shut 
die iapul circuit 80 acts as a type of integrator allowing stable conversion to digital for 
low level analogue signals. When the input circuit 80 is activated a switch 82 changes 
from earthing the input side of a capacitor 83, to open circuit and the capacitor 83 
charges. When the aq>acitor 83 has charged to the pre-set level, according to the 
comparator 73 value* the comparator 73 will gaierate a digital pulse which again 
earths the coirqparator via switch 82. Thus the mput circuit 80 measures how much 
time is required by a signal to generate the charge necessary to produce the required 
comparator voltage. 

The pre-processing frmctions described above may be used on circuits other 
than those described hmin. 

The front end shown in Figure 8 could be produced on a single sCTiiconductor 
substrate. The circuit may include active or passively quenched avalanche 
photodiodes, non-linear circuits, most significant bit or most significant bit 
compressed and memory compressed, counters, buffers and post processing circuits 
such as conventional hardwired correlators and/or Fourier transform circuits and/or 
digital filters. Resulting data may be analysed after de-compression or when 
compressed. 



WO99y21063 PCT>GB98«I3093 

36 

The logic circuits included in the described embodiments, whilst described 
only in electronic fonn, could be constructed using another medium such as light or as 
a computer simulation. Implraientation using another logic medium i.e. light would 
allow much hi^er temporal resolution. Implementation using another logic medium 
would allow further integration for many ^plications; i.e. implmientation using light 
may allow the source, required optics sample cell and the circuits described above to 
be implemented in/on a single substrate. 

The non-linearity required may be generated by many methods and in many 
media, whilst being part of an electronic digital circuit. A circuit may be configured 
such that a first detector pulse turns on a light raiitting component which is directly 
coupled to a solid state detector. A build-up of the detector may be made non-linear 
with respect to time if the detector is used near saturation and/or the light emitting 
component has a non-linear waim-up. An array of detectors, for example a charge 
coiq>led device arrays may be used in this way. 

Charge coiq>led device arrays may also be used to provide a fiirtfaer method of 
non-linear timing, due to the blooming and consequent leakage to surrounding 
detectors that they generate when saturated. A single CCD may have in excess of 10** 
pixels, each pixel potentially being a separate non-linear clock, and the CCD thereby 
offers high channel number parallel processing. Light emitting components may be 
used to provide non-linear responses for circuits other than those described herein. 

High speed look-up tables are in significant use of image processing 
applications to provide false colour from intensity signals. This may be used to code 
the output of a non-linear clock into significant bit compression to represent a 
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distribution of sqiaration times betwem events or binary ou^ut, or to geamXc most 
significant bit compression directly from a linear clock. 

An ouput provided by a circuit according to the invention that was constructed 
fiom conventional hardware is shown in Figure 9. Only a single channel was 
constructed. Figure 9 shows an output firom a oscilloscope (Tektronix TDS 744A) 
c^turing data fiom a sweeping signal generator (Tdctronix CFG280). The top trace 
(a) shows the signal output, the lower trace (b) tiie sweep control. ARex a pulse iiq>ut 
(c) the sweq> voltage begins to rise and thus the pulse spacing reduces. A second 
pulse (d) stops the counter. The timed interval of 13ms is described by the series of 
only 7 of pulses whilst maintaining the high temporal resolution. 

This implementation dCTionstrates that the rate of change of the tim^ need not 
be a geometric decrease* but may be any pre-selected function. The implementation 
shown in Figure 9 has a linear inoease in the temporal resolution. 

Applications of the invention include image processing, pulsed light detection 
systems, time resolved fluorescence^ time of flight studies, radar, data logging, and 
use in connection with dynamic li^t scattering, quasi-elastic light scattering, fibre- 
optic dynamic light scattering, fibre-optic dynaxnic anenometry, and laser Doppler 
experiments. 
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Claims 

1 . A timing circuit for recording the duration of intervals between a plurality of 
events in a data stream, comprising at least two timing channels, each ananged to 
gmerate a signal rq>resenting time elapsed between events, wherein the rate of change 
of the signal generated by each timing channel varies with increasing intCTval 
duration, and the timing channels are arranged sudi that each event terminates the 
operation of one timing channel and initiates operation of anotiier timing channel 

2. A timing circuit according to claim 1, wherein the timing chaimels are 
configured such that tihe rate of change of the signal decreases as a predetermined 
sequence. 

3. A timing circuit according to claim 1 or 2, wherein the timing channels are 
configured such that the rate of change of the signal decreases as a geometric or 
substantially geometric series. 

4. A timmg circuit according to any of claims 1, 2 or 3, wherein at least one of 
the timing dbannels comprises a source of clock pulses and a counter, and the signal 
comprises the clock pulses which are accumulated by the coimter between the events. 

5. A timing circuit according to claim 4, wherein the rate of increase of the 
accumulated count is determined by an internal counter and a logic circuit, the logic 
circuit being programmed by the internal counter to cause an increment of the 
accumulated count when a predetermined number of cycles of a linear clock have 
occurred. 

6. A timing circuit according to any of claims 1, 2 or 3, wherein at least one of 
the timing channels comprises an analogue clock. 
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7. A tuning circuit according to claim 6» wherein the analogue clock comprises a 
charge con^nrat which is charged or discharged betwera evoits, the charge 
compon^t exhibiting an intrinsic non-linear conq>lex impedance, 

8. A timing circuit according to claim 7, wherein the circuit further conq)rises an 
analogue to digital converter for converting an analogue signal at the charge 
component into a digital signal, and means for resetting the charge at said charge 
component upon (he arrival of an event 

9. A timing circuit accordirig to claim 7 or 8, whoein the charge componrat is an 
electronic conqionent, which provides an ou^ut to a comparator comprising a voltage 
across or a charge accumulated in the charge componoit 

10. A timing circuit according to any of claims 7, 8 or 9, wherein charging or 
discharging of the charge component is commenced from a non-zero initial value^ the 
initial value being chosen to provide a required rate of change of charging or 
discharging. 

11. A timing circuit according to any of claims 7 to 10, wherein fte conq>lex 
impedance is selected by switching betwera combinations of charge components. 

12. A timing circuit according to any of claims 7 to 11, wherein the charge 
component is a substantially capacitive circuit 

13. A timing circuit according to any of claims 7 to 12, wherein charging or 
discharging of the charge component is induced by optical excitation. 

14. A timing circuit according to claim 13, wherein the charge component 
comprises one or more solid state optical detectors which provide a nonlinearity 
function, via overfilling of the one or more detectors. 
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15. A timing circuit according to any preceding claim, wherein the circuit 
comprises a plurality of timing channels anranged to operate in a predetcamined 
sequence, each event teminating the operation of one channel and initiating the 
operation of the next channel in the sequence. 

16. A timing dicuit according to claim 15, wherein the circuit is configured such 
ttiat a detected event will cause the contents of the channel the operation of which is 
terminated to be transforred to a storage circuit, whilst initiatmg the gmeration of a 
timing signal by the next channel. 

17. A timing circuit according to claim 16, wherein a second storage circuit is 
used as a bufifer to allow rapid data transfer firom the channel to the first storage 
circuit. 

18. A timing circuit according to claim 17, wherein the second storage circuit is a 
first-in-first-out buffer storage circuit. 

19. A timing circuit according to any preceding claim, wherein the circuit further 
comprises two detectors for detecting events m the data stream, the detectors being 
arranged such that an event mcident at a first detector will terminate the operation of a 
first timing channel and mitiate the operation of a second timing channel, and a 
subsequent event incident at a second detector will terminate the operation of the 
second timing channel and initiate the operation of the first timing channel or a third 
timing channel. 

20. A timing circuit according to claim 19, wherein the two detectors for detecting 
events in the data stream have different characteristic noise signatures such that cross- 
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conelation of the detectors produces a charactmstic noise signature significantly 
below that of the auto-correlation of either detector. 

21. A timing circuit according to claim 20, wherein the two detectors are based 
vqpon differrat physical detection phoiomena, such that any similarity in the 
charactoistic noise signatures of the detectors is minimised 

22. A timing circuit according to claim 21, whmin the two detectors comprise a 
photon multiplier tube and a solid state d^ector. 

23. A timing circuit according to claim 22, wherein a temperature of the sohd state 
d^ector may be modified independently of the temperature of the photon multiplier 
tube, to modify the charactmstic noise signature of the solid state detector, and 
thereby ^ance the difference betwem the charactmstic noise signature of the sohd 
state d^ector and the diaracteristic noise signature of the photon multiplier tube. 

24. A timing circuit according to any preceding claim, wherein flie circuit is 
provided with means for obtaining a measuranent comprising a correlation of an 
emission signal distribution with a distribution of detected events induced finom a 
sample by the excitation. 

25. A timing circuit according to claim 24, wherein the correlation is earned out in 
real-time. 

26. A timing circuit according to any preceding claim, wherein a digital to 
analogue converter is combined with the circuit to allow properties of events to be 
converted into a digital form and stored in combination with the time interval between 
events. 
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27. A timing circuit according to any preceding claim, wherein the circuit is 
configured to measure the time duration of pulses, an initial portion of a rising edge of 
a pulse being treated as a first event, and a final portion of a felling edge of the pulse 
being treated as a second event 

28. A timing circuit according to any preceding claim, wherein means are 
provided to convert a charactmstic of a pulse such as area, height or gradient mto a 
pulse spacing or pulse width such that the timing circuit may be used to record the 
diaiacteristic. 

29. A timing circuit according to any preceding claim, wh^ein means are 
provided for inviting a detected signal to fiu^ilitate the measurement of pulse widths. 

30. A timing circuit according to any of claims 1 to 23 or 26, wherein the circuit is 
configured to measure the number of events occurring within a specific time rather 
than tfie elapsed time between events. 

31. A timing cux:uit according to any preceding claim, wherein a trigger from an 
extOTial source is arranged to initiate operation of tiie circuit 

32. A timing circuit according to any preceding claim, wherein a trigger from an 
external source is arranged to enable, alAough not initiate, operation of the circuit 

33. A timing circuit according to claim 1, wherein at least one of the timing 
chaimels comprises a linear clock connected via an internal counter to an input of a 
multiplexer, the multiplexer having outputs connected to a series of accumulators only 
one of which is incremented as a result of a monitored interval, the interval time 
required to cause incrementation of a second accumulator of any successive pair of 
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accumulators being greater than the intairal required to cause incrementation of the 
first accumulator of the pair. 

34. A timing circuit according to claim 33, wherein the int^al counter comprises 
a cascade of countears. 

35. A timing circuit according to any preceding claim, whorein an cvesA comprises 
the accumulation of charge from a detector until the charge is greater than a 
pred^ennined level, whereupon the operation of one timing diannel is tenninated and 
the operation of another timing diannel is initiated. 

36. A timmg circuit substantially as hereinbefore described with refemce to the 
acconq>anying drawings. 
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